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  Abstract 
    Background:   Despite consistent evidence of a higher short-term risk of cardiovascular mor-
tality associated with ambient temperature, there have been discrepant findings on the as-
sociation between temperature and ischemic stroke. Moreover, few studies have considered 
potential confounding by ambient fine particulate matter air pollution <2.5 μm in diameter 
(PM  2.5  ) and none have examined the impact of temperature changes on stroke in the subse-
quent hours rather than days. The aim of this study was to evaluate whether changes in tem-
perature trigger an ischemic stroke in the following hours and days and whether humid days 
are particularly harmful.   Methods:   We reviewed the medical records of 1,705 patients residing 
in the metropolitan region of Boston, Mass., USA, who were hospitalized with neurologist-
confirmed ischemic stroke, and we abstracted data on the time of symptom onset and clinical 
characteristics. We obtained hourly meteorological data from the National Weather Service 
station and hourly PM  2.5   data from the Harvard ambient monitoring station. We used the 
time-stratified case-crossover design to assess the association between ischemic stroke and 
apparent temperature averaged over 1–7 days prior to stroke onset adjusting for PM  2.5  . We 
assessed whether differences in apparent temperature trigger a stroke within shorter time 
periods by examining the association between stroke onset and apparent temperature levels 
averaged in 2-hour increments prior to stroke onset (0–2 h through 36–38 h). We tested 
whether the association varied by health characteristics or by PM  2.5  , ozone or relative humid-
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ity.   Results:   The incidence rate ratio of ischemic stroke was 1.09 (95% confidence interval 
1.01–1.18) following a 5     °     C decrement in average apparent temperature over the 2 days pre-
ceding symptom onset. The higher risk associated with cooler temperatures peaked in the 
first 14–34 h. There was no statistically significant difference in the association between tem-
perature and ischemic stroke across seasons. The risk of ischemic stroke was not meaning-
fully different across subgroups of patients defined by health characteristics. The association 
between ischemic stroke and ambient temperature was stronger on days with higher levels 
of relative humidity.   Conclusions:   Lower temperatures are associated with a higher risk of 
ischemic stroke onset in both warm and cool seasons, and the risk is higher on days with 
higher levels of relative humidity. Based on this study and the body of literature on ambient 
temperature and cardiovascular events, identifying methods for mitigating cardiovascular risk 
may be warranted.    © 2014 S. Karger AG, Basel 
  Background 
  There is consistent evidence of a higher short-term risk of myocardial infarction   [1]   and 
cardiovascular mortality   [2]   associated with changes in ambient temperature. However, 
there have been discrepant findings on the association between temperature and ischemic 
stroke hospitalization in the subsequent days and weeks, studies showing that there is a 
higher risk of ischemic stroke following increases   [3–13]  , decreases   [5, 14–19]  , differences 
in the minimum/maximum temperature   [16, 20]   or within-day variability   [21]   in average 
temperature, and others failing to find any association   [22–26]  . Despite evidence on the 
association between air pollution and stroke   [27, 28]   and other cardiovascular outcomes 
  [29]  , most prior studies on weather and stroke risk have ignored potential confounding by 
ambient fine particulate matter air pollution <2.5 μm in diameter (PM  2.5  ) and none have 
examined the acute impact of temperature changes on stroke in the subsequent hours rather 
than days.
    In this study, we hypothesized that changes in temperature within a single metropolitan 
area would be associated with an acutely higher risk of ischemic stroke in the following hours 
and days. Furthermore, we hypothesized that humid days would be particularly harmful.
    Methods 
 Case  Ascertainment 
  This study was approved by the Institutional Review Board at the Beth Israel Deaconess 
Medical Center (BIDMC). We identified potentially eligible patients for this study by reviewing 
daily emergency department admission logs, stroke service admission logs, stroke service 
consult  logs,  and  hospital  electronic  discharge  records.  There  were  1,763  consecutive 
patients   ≥  21 years of age admitted to the BIDMC between April 1, 1999 and October 31, 
2008, with neurologist-confirmed ischemic stroke and residing in the metropolitan region 
of Boston, Mass., USA, as previously described   [28]  . Patients with in-hospital strokes or tran-
sient ischemic attacks were excluded. Trained abstractors recorded data on patient demo-
graphics, presenting symptoms and medical history from medical records. When the date of 
stroke onset was known but the time could not be estimated (n = 221), we assumed that 
symptom onset occurred at 9 a.m. We excluded 58 (3%) patients for whom neither the date 
nor the time of stroke onset was documented, resulting in 1,705 patients available for 
analysis.11 Cerebrovasc Dis Extra 2014;4:9–18
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  E x p o s u r e   A s s e s s m e n t  
  We obtained hourly meteorological data, including temperature, relative humidity, and 
barometric pressure, from the National Weather Service station at Boston’s Logan Airport 
and calculated apparent temperature, an index of thermal comfort that takes into account the 
effect of humidity on the body   [30]  . For comparability with prior studies   [7, 8]  , we examined 
the stroke risk associated with a 5    °     C change in mean temperature or apparent temperature.
    We  obtained  hourly  measurements  of  PM  2.5    from  the  Harvard  –  US  Environmental 
Protection Agency Supersite in Boston, located <1 km from the study site, as previously 
described   [31]  . We obtained hourly measures of ozone from local state monitors managed by 
the Department of Environmental Protection.
  Statistical  Analysis 
  We used the time-stratified case-crossover study design   [32, 33]   to assess the association 
between ischemic stroke and weather in the 24 h preceding each event. In this design, each 
subject’s exposure prior to a case-defining event (case period) is compared with his or her 
exposure during periods when the subject did not become a case (control period). Exposure 
during the 24 h preceding each event were compared to levels on other days of the same 
month, day and hour of the day as the case period. This design has been shown to effectively 
control for seasonality, time trends, and chronic and slowly varying potential confounders 
  [34]  .
    We performed conditional logistic regression stratifying on hospitalization to obtain esti-
mates of odds ratios (OR) and 95 % confidence intervals (CI). Because of the sampling strategy, 
these OR are unbiased estimates of the incidence rate ratio (IRR). For all analyses, we calcu-
lated estimates for the entire year and separately for spring (April to May), summer (June to 
August), fall (September to November) and winter (December to March).
    In the primary analyses, we used apparent temperature as the exposure of interest since 
public health agencies and weather stations report this measure as an indicator of discomfort 
as a function of temperature and humidity. In the analyses to evaluate whether humidity 
confounds or modifies the association between temperature and ischemic stroke, we used 
temperature, relative humidity and their interaction in the same model to test their inde-
pendent impact on ischemic stroke.
    We examined the impact of changes in apparent temperature averaged over 1–7 days 
prior to stroke onset. We assessed whether differences in apparent temperature trigger a 
stroke within shorter time periods by examining the association between stroke onset and 
apparent temperature levels averaged in 2-hour increments prior to stroke onset (0–2 h 
through 36–38 h). We conducted exploratory analyses to determine whether the use of linear 
temperature terms was appropriate by fitting the models using natural cubic splines with 3 
degrees of freedom for apparent temperature. Upon visual inspection of the exploratory 
plots, the association appeared linear over the range of observed temperatures, so we used 
linear temperature terms to facilitate the reporting of IRRs. We evaluated the impact of 
adjusting for PM  2.5  , ozone and relative humidity using linear terms with the same lag as the 
temperature term. Because variation in temperature from the long-term average is asso-
ciated with cardiovascular risk   [35]  , we evaluated the association between stroke risk and 
within-day variability in apparent temperature, the deviation of apparent temperature from 
the average apparent temperature at that time over the 10-year study period, and the change 
in temperature above the 95th percentile and below the 5th percentile for each season.
    We tested whether the association between temperature and stroke varied across season 
by testing the significance of interaction terms for apparent temperature and indicator vari-
ables for season. Because the association between temperature and ischemic stroke was most 
robust and precisely estimated over a 2-day moving average, we tested whether the associ-12 Cerebrovasc Dis Extra 2014;4:9–18
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ation between ischemic stroke and average apparent temperature in the prior 2 days was 
modified by PM  2.5   or ozone and whether the association between ischemic stroke onset and 
average ambient temperature in the prior 2 days was modified by relative humidity by testing 
the significance of interaction terms. We also tested whether the association between temper-
ature and stroke varied by sex, age (<65 vs.   ≥  65), smoking history (current, former, never), 
history of diabetes mellitus, hypertension or atrial fibrillation and presumed stroke pathophys-
iologic mechanism (categorized as large-artery atherosclerosis, small-vessel occlusion, cardio-
embolism, other determined cause or undetermined cause, using the approach developed for 
the Trial of ORG 10172 in Acute Stroke Treatment)   [36]   by analyzing the statistical significance 
of interaction terms. If there was statistical evidence of an interaction, we estimated the asso-
ciation and 95% profile likelihood CI at the 5th and 95th percentile of the modifier. A two-sided 
p value of 0.05 was considered statistically significant. Analyses were performed using SAS 
version 9.2 (SAS Institute Inc.) and the R statistical package, version 2.8.1   [37]  .
    Results 
  Among the 1,705 patients admitted with a confirmed ischemic stroke, most were women 
and most had a history of hypertension (  table 1  ). The weather characteristics for the days 
included in this analysis are described in   table 2  . There was a higher risk of ischemic stroke 
when the average apparent temperature over the days prior to stroke onset was lower than 
other times (  fig. 1  ). In models adjusted for PM  2.5  , the rate for ischemic stroke was 7% (95% 
CI 0–15) higher per 5    °     C decrement in apparent temperature over the past day and 9% (95% 
CI 1–18) higher over the past 2 days. In models not adjusted for PM  2.5  , this remained statisti-
cally significant for a 7-day moving average, but in models adjusted for PM  2.5  , the association 
was statistically significant for up to a 4-day moving average. The higher stroke risk peaked 
in the 10–24 h following the decrement in apparent temperature and began to decline there-
after (  fig. 2  ). There was no statistically significant interaction by season; the associations 
between temperature and ischemic stroke were similar in all seasons, except in the fall, when 
no association was observed. The results did not differ materially when we adjusted for PM  2.5 ,  
ozone or relative humidity. There was no association between ischemic stroke and other 
measures of temperature change.
Age, years 73.1 ± 14.5
Female gender 931 (54.6)
White ethnicity 1,165 (68.3)
Past medical history
Stroke or TIA 482 (28.3)
Atrial fibrillation 424 (24.9)
Hypertension 1,216 (71.3)
Coronary artery disease 432 (25.3)
Heart failure 221 (13.0)
Diabetes mellitus 495 (29.0)
COPD 105 (6.2)
Smoking history
Current 236 (13.8)
Former 457 (26.8)
  Values are n (%) or means ± SD. TIA = Transient ischemic attack; 
COPD = chronic obstructive pulmonary disease.
Table 1.   Clinical characteristics 
of 1,705 patients hospitalized for 
acute ischemic stroke (1999 –
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    The association between temperature and ischemic stroke varied by levels of relative 
humidity (p for interaction = 0.02). On dry days (5th percentile = 41% relative humidity), a 
5    °     C decrement in temperature was not associated with a higher risk of ischemic stroke
(IRR = 0.97; 95% CI 0.91–1.05), but on more humid days (95th percentile = 93% relative 
humidity), lower temperature was associated with a higher risk (IRR = 1.11; 95% CI 1.00–
1.23). The association between apparent temperature and stroke was not modified by PM  2.5  
or ozone. The risk of ischemic stroke was not meaningfully different across subgroups of 
patients defined by health characteristics or presumed stroke pathophysiologic mechanism.
Table 2. Weather characteristics for Boston, Mass., USA (January 1999 to September 2008)
Season Days Variable Mini-
mum
Maxi-
mum
Mean Standard
deviation
Median
Spring (April,
May)
610 Temperature, ° C –0.21 28.44 11.27 4.92 10.76
Apparent temperature, ° C –2.7 28.11 9.39 5.43 8.66
Relative humidity, % 24.54 100 66.13 18.38 65.00
PM2.5, μg/m3 2.25 33.53 8.48 4.33 7.44
Summer (June,
July, August)
920 Temperature, ° C 9.72 31.34 21.62 3.88 21.81
Apparent temperature, ° C 8.38 35.85 22.79 5.15 22.87
Relative humidity, % 30.54 100 70.92 13.51 70.63
PM2.5, μg/m3 2.14 75.89 12.83 8.03 10.62
Fall (September,
October,
November)
849 Temperature, ° C –3.91 27.61 13.21 6.06 13.43
Apparent temperature, ° C –4.79 30.97 12.22 7.3 11.89
Relative humidity, % 33.45 100 70.78 14.23 71
PM2.5, μg/m3 0.94 36.21 9.18 5.25 7.79
Winter (December,
January, February,
March)
1,092 Temperature, ° C –18.33 17.24 0.97 5.3 1.18
Apparent temperature, ° C –9.83 17.04 –0.19 4.08 –0.74
Relative humidity, % 20.66 100 62.79 16.69 60.66
PM2.5, μg/m3 0.94 32.8 9.59 4.51 8.51
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  Fig. 1.   IRR of ischemic stroke on-
set per 5    °     C decrease in the mov-
ing average of apparent tempera-
ture in the days preceding stroke 
onset. There was no statistical ev-
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    Discussion 
  In this case-crossover study of 1,705 patients residing in the Boston metropolitan area 
admitted with acute ischemic stroke, there was a higher risk of acute ischemic stroke in the 
hours and days following colder temperatures even after adjusting for PM  2.5  . This association 
did not differ significantly across seasons, with similar estimated associations in summer and 
winter. Our study adds to the literature by showing that the higher risk occurs immediately 
within hours and not just subsequent days, that the association remains even after adjusting 
for PM  2.5   and ozone, and that the association is stronger at times with higher relative humidity. 
The evidence of an association within hours emphasizes the importance of obtaining the time 
of symptom onset rather than admission dates, which is all that is usually available in admin-
istrative data.
    Since there is consistent evidence that heat waves are associated with a higher risk of 
cardiovascular events   [38]  , it may seem likely that in the summer, lower temperatures would 
be associated with lower stroke risk. However, we found that even in the summer, cooler 
temperatures were associated with higher risk of ischemic stroke. Perhaps this is because 
individuals may be more likely to stay inside and use air conditioning when it is extremely 
hot, and therefore, they are less likely to experience the adverse effects of extreme heat levels 
  [11, 20]  .
    Overall, our results are consistent with prior studies showing that colder temperatures 
are associated with heightened stroke risk   [5–7, 14, 20]  . For instance, in a study of women 
from 17 countries that were observed from February 1989 to January 1995, a 5-unit increase 
in mean temperature was associated with a lower risk of ischemic stroke (IRR = 0.92; 95%
CI 0.85–0.99)   [7]  . Similarly, in a study of 1,929 patients that experienced their first ische-
mic stroke, the IRR was 1.32 (95% CI 1.05–1.66) on days with low ambient temperature
(  ≤  –2.0    °     C) compared to days with high ambient temperature (  ≥  7.3    °     C)   [5]  .
    Most   [13, 35, 39–41]   but not all   [2]   prior studies have found little evidence that the asso-
ciation between temperature and mortality is confounded by air pollution. In our study, 
apparent temperature was not strongly related to PM  2.5   (Spearman correlation = 0.27) or 
ozone (Spearman correlation = 0.41). Therefore, it is not surprising that further adjustment 
for these factors did not result in materially different estimates. We found that the inverse 
association between temperature and ischemic stroke was modified by level of relative 
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humidity. In our study, there was no association between temperature and stroke risk on dry 
days, but on more humid days, lower temperature was associated with a higher risk of 
ischemic stroke. In contrast, Ohshige et al.   [14]   reported a higher risk of ischemic and hemor-
rhagic strokes on days with low temperature and low humidity. Further research is necessary 
to evaluate whether there are cardiovascular risks associated with other meteorological 
factors, such as boundary layer disturbance.
    There are several mechanisms that may explain the link between colder temperatures 
and ischemic stroke. Exposure to cold increases vasoconstriction and blood pressure, platelet 
count, cholesterol, heart rate, plasma fibrinogen, platelet viscosity and peripheral vasocon-
striction   [42–45]  . Ambient temperature also influences markers of inflammation   [45, 46]  , 
which may be associated with the longer-term higher risks from weather changes.
    Based on this study and the body of literature on ambient temperature and cardiovas-
cular events, identifying methods for mitigating this risk may be warranted. For instance, 
although an individual cannot completely avoid exposure to cold temperatures, perhaps indi-
viduals with existing cardiovascular disease and those at heightened risk of stroke should 
reduce prolonged exposure to outdoor cold or at least wear warm clothing   [47]  .
    The study has some limitations. First, the data were limited to one city, so the results may 
only be generalizable to regions with similar weather characteristics. Second, weather and 
PM  2.5   information was collected at monitoring stations so it may not represent individual 
exposures. However, public health interventions such as weather warnings to at-risk indi-
viduals would be based on ambient rather than personal weather information. Therefore, this 
serves as a relevant exposure measure. Weather data from a single monitoring station may 
result in exposure misclassification for individuals living far from the monitoring sites, but 
we restricted the study to individuals living within 40 km of the air pollution monitors. 
Furthermore, a recent study showed that there is a high correlation between ambient temper-
ature measurements at several monitors in New England, USA, suggesting that a single 
monitor adequately describes temporal fluctuations in temperature across New England 
  [48]  . One study used both airport monitoring data and a spatial model to estimate tempera-
tures at place of residence as a predictor of all-cause mortality, and the results for the two 
exposure metrics were similar   [49]  . Therefore, any bias from exposure misclassification is 
expected to be small. Nonetheless, we cannot account for variability in temperature exposure 
due to differences in the amount of time spent indoors and the use of air conditioning   [11, 41, 
50]  , which would lead to a bias toward observing no association, but would not lead to a bias 
away from the null. We do not have information on the location of each participant at the time 
of stroke onset, but most subjects spend more of their time at or near their homes than at 
other locations. One study   [51]   found that Americans spend an average of 68% of their time 
at home. Furthermore, since recruitment took place at a single medical center and was 
restricted to subjects living within 40 km of the monitoring site, it is unlikely that many 
subjects were much farther away at the time of stroke onset. Therefore, any exposure misclas-
sification should be minimal.
    Despite these limitations, this study has many strengths. It includes a relatively large 
sample of ischemic stroke patients with information on clinical characteristics. In addition, 
most prior studies assessed meteorological conditions and stroke symptom onset based on 
the calendar day of hospital admission so they cannot examine acute changes in risk in the 
hours following temperature changes, and using the day rather than the hour of symptom 
onset may result in exposure misclassification and a bias toward the null. However, in this 
study, we collected information on the hour of stroke symptom onset and showed that the 
heightened risk occurs within hours of a decrement in apparent temperature.16 Cerebrovasc Dis Extra 2014;4:9–18
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    Conclusion 
  In this case-crossover study of 1,705 patients admitted for confirmed ischemic stroke, 
there was a higher risk of ischemic stroke in the hours and days following moderate decre-
ments in apparent temperature compared to times with higher temperatures. The risk asso-
ciated with cooler temperatures is stronger on days with higher relative humidity. 
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